Utilizing the interference of wave fronts of two opposing lenses, 4Pi-confocal and I 5 M microscopy improve the axial resolution of far-field f luorescence microscopy as much as threefold to sevenfold. However, establishing the phase difference of the wave fronts in the sample is a problem yet to be solved. Here we show that the phase difference is encoded in the microscope's transfer of the spatial frequencies that match the distance of the interference peaks. As a result the phase difference is readily extracted through a Fourier transform of the image. Our method is relevant to all microscopes that exploit the interference of counterpropagating waves to improve the axial and the lateral resolution.
The use of coherent counterpropagating wave fronts has become a popular approach to improving the transverse and axial resolution of far-f ield f luorescence microscopy. 1 -9 For example, the improved axial resolution of 4Pi-confocal and I 5 M microscopy arises from the coherent superposition of wave fronts of two opposing lenses. 1, 5 Constructive interference of the illumination and (or) detection wave fronts at the focal point leads to an effective point-spread function (E-PSF) with a main diffraction maximum that is axially three to seven times narrower than in the standard confocal case and at least two sidelobes above and beneath the focal plane. Destructive interference, however, results in an E-PSF with a central zero and two equal maxima above and below the focal plane. Unfortunately, the phase difference between the wave fronts, f, is not known a priori but has to be measured. For this purpose the E-PSF is usually probed by a test object containing a broad range of axial frequencies, such as a pointlike object, a wire extending in the focal plane, an ultrathin f luorescent layer, or an axial step. 10 Such features may be inherent in the sample, but more often they are absent or are part of a convoluted network. In that case the only remedy is to place an artificial object, such as a f luorescent bead or a f luorescent layer, close to the feature of interest. This procedure has a number of limitations as well. Therefore the retrieval of f has remained a key issue. In this Letter we introduce and demonstrate critical frequency analysis (CFA) as a method for blind determination of f in a sample.
The basic idea is the following: For destructive interference ͑f mp, m 61, 63 . . .͒, the presence of two maxima of the E-PSF of nearly equal height reduces the microscope's ability to distinguish objects 11 at the distance of the maxima, which is ϳl͑͞2n͒. In the Fourier domain this signifies an attenuation of the spatial frequency k c ഠ 2pn͞l in the optical transfer function (OTF).
11
By contrast, constructive interference ͑m 0, 62 .. .͒ yields a single main maximum, in which case the amplitude of the OTF is larger at k c . For f fi mp we have an intermediate situation. Therefore the two extreme cases are readily established by a Fourier transform of the raw image data.
The method obviously works only if the optical transfer function (OTF) is nonvanishing at k c . Importantly, that the OTF be nonvanishing at k c is not a limiting requirement of our proposal but the basic condition for any interference-based system to render an unambiguous image.
In the spatial domain a nonvanishing transfer at k c means that the sidelobes are low and that their effect on the image can be removed by image processing. A thorough investigation of the OTF reveals that sidelobes of ,50% are acceptable 11 but that, owing to the f inite signal-to-noise ratio encountered in images, smaller lobes are desirable. We found that in a two-photon excitation 4Pi-confocal microscope of type A (i.e., coherent illumination) the sidelobes can be reduced by a dark ring (DR) binary amplitude f ilter that blocks the focused illumination wave fronts in the range ͑0.25u max ͒ , u , ͑0.82u max ͒, where u max 67.2 ± is the semiaperture angle of a 1.4 numerical-aperture oil immersion lens. 12 -14 The effect of the DR filter is demonstrated in Fig. 1 for the same optical conditions 12 -14 and a two-photon excitation wavelength of l 760 nm. On the horizontal axis, Fig. 1 displays a set of measured Z responses to an ultrathin f luorescence plane, given by I ͑z͒ C R2`j E 1 ͑z, r͒ 1 E 2 ͑2z, r͒exp͑if͒j 4 h det ͑z, r͒rdr, where E 1, 2 denotes the counterpropagating focal f ields and h det , the detection point-spread function. We recorded the set of Z responses by changing f such that we could extract its effect by following the vertical axes. Figures 1(a) and 1(b) show the Z responses without and with the DR f ilter, respectively; Figs. 1(c) and 1(d) depict the corresponding moduli of the numerically calculated axial Fourier transforms. These transforms are the experimental OTFs along the reciprocal optic axis (Z-OTFs). Owing to the presence of the DR f ilter, the height of the first sidelobes is reduced from 36% in Fig. 1(a) to 13% in Fig. 1(b) , so in Fig. 1(b) a strong solitary maximum prevails for constructive interference, albeit at the expense of a slight elevation of higher-order maxima 12 [see also Fig. 2(a) ]. A comparison of the Z-OTFs in Figs. 1(c) and 1(d) shows that reduction of the sidelobes by the DR filter results in a relative increase of the Z-OTF at critical frequency k c , which is to our advantage. Fig. 1(d)] . The difference between constructive and destructive interference in the DR mode is further highlighted in Fig. 2(b) , which shows the experimental Z-OTFs. At the critical frequency k c , the constructive and destructive Z-OTFs differ markedly, by a factor of 6.4 6 0.2.
To illustrate the strong modulation of the Z-OTF at k c we show in Fig. 3 vertical line profiles from Figs. 1(c) and 1(d). Interestingly, the modulation is similar for the regular and the DR modes, i.e., 0.69 and 0.7, respectively. However, the higher amplitude in the DR mode facilitates the extraction of f in the presence of noise. The experimental results are in excellent agreement with calculations based on theoretical Z responses 1 performed for u max 62.8 ± (which is closer to the experimental value than the nominal value of 67.2 ± ). Evidently, this analysis permits us to make a blind determination of the constructive or destructive case by performing a Fourier transform of the image through identif ication of a higher amplitude at k c .
To demonstrate the application of CFA we recorded five DR 4Pi confocal xz images Figures 4(a) and 4(e) are the closest to the constructive case because they are strongest at k c . Conversely, a weak transfer identif ies Fig. 4(c) as their destructive-mode counterpart.
Residual lobes in the raw data image [ Fig. 4(a) ] are readily removed by application of a linear deconvolution by use of the information from the E-PSF or the OTF.
Figures 4(p) and 4(q) display the final DR 4Pi and the corresponding standard confocal image, respectively. The comparison draws attention to the approximately fourfold improvement of spatial resolution along the optic axis. We note that a similar linear deconvolution is possible with the images recorded at the other phases as well. 3 However, it is clear that the use of the constructive mode is superior because of the superior transfer near k c . So far, we have assumed that f remains constant within the image; f might change, however, as the result of a refractive-index mismatch between the sample and the immersion system or because of inherent refractive-index changes. Whereas the f irst phase change is linear and is easily counteracted by the external application of a linear phase ramp, 3 compensation for slowly varying f will require a subdivision of the image data into regions with a nearly constant phase difference. It is also worthwhile noting that k c is lower than 2pn͞l by a factor of 1.28. This value stems from the fact that at a semiaperture angle of u max 67.2 ± the distance between the maxima is larger by this factor than the peak-to-peak distance of planar standing waves.
Two cases are conceivable in which CFA would not be applicable: (1) the object inherently does not contain spatial frequency k c and (2) the OTF of the microscopes does not transfer k c (as we have already discussed), because there is a gap at k c within its region of support. 11 The existence of case (1) is virtually impossible because we analyze the spectrum of an entire and axially nonuniform object. Even if k c is weakly represented, the Z-OTF in Fig. 2(b) suggests that one can still monitor the broad frequency interval near k c ; doing so might be benef icial to increase the signal-to-noise ratio as well.
Case (2) applies, for example, to a conventional standing-wave microscope 2 and means that the system is not able to provide unambiguous improvement in axial resolution. In this case the nonapplicability of CFA is irrelevant. Moreover, it is apparent that the ability to solve the phase problem is intimately connected with that of overcoming the ambiguity of the interference pattern. Therefore the CFA method is not restricted to 4Pi confocal microscopy alone but should be relevant to any interference-based method for improvement of resolution, including methods for improving transverse resolution, such as interference fringe pattern projection 4, 8 and the recently proposed evanescent standing-wave method. 7, 9 In fact, CFA should track down constructive or destructive interference in any resolution-improvement method that uses independently controlled coherent wave fronts.
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